dimensional data of bite marks produced by red foxes is limited and, even more so, that of Eurasian badgers (8, 16, 25) .
The majority of forensic studies on scavenger modification of skeletal remains tend to use qualitative methods to describe modifications (6, 15) . The focus of such forensic studies has not been towards identifying a scavenger species or its scavenging behavior and patterns but has instead focused on the general characterization of bone modification produced by a biological family of scavengers (6, 15) . This generalization of bone modification and carcass utilization of a single biological family assumes that all scavenger species within that family share the same scavenging behavior and patterns regardless of different factors, such as environment, region, weather, topography, trophic resources, and intra-and inter-species interactions. Moreover, regardless of such factors scavenger species within the same family are theorized to produce the same bite marks on bone surfaces. Different scavenger species within the same family can have different tooth dimensions, bite forces, jaw muscle strength, and scavenging behaviors and patterns, as well as be differently affected by various factors, which can affect the type of bite marks produced on bone surfaces (9) (10) (11) 20) . This paper addresses three hypotheses relating to scavenger-produced bite marks on surface deposited skeletal remains:
 Hypothesis 1) Wild red foxes were observed in Young et al. (10) (11) as the most frequent wild mammalian scavengers of surface deposited deer (Cervus nippon; Capreolus capreolus) in the U.K. The scavenging behaviors of captive red foxes toward pig (Sus scrofa) bones were also observed for comparison in the same study (11) . The dentition of captive and wild scavengers of the same species will not be different. However, individual scavengers of the same species can show different scavenging behavior and patterns dependent on a variety of factors, such as trophic resources, environment, and region (9, (29) (30) . Additionally, differences in scavenging behavior can potentially exist between captive and wild scavengers of the same species (9, (31) (32) . Therefore, Hypothesis 1 predicts that the bite mark dimensions of captive and wild red fox will not be significantly different but may show differences in appearance and locations of bone modifications.;  Hypothesis 2) The dentition of domestic dogs is also considered within this paper because other than red foxes, domestic dogs are the largest canid in the U.K. with potential access to outdoor remains and can produce similar types of bite marks (6) (7) (24) (25) (33) (34) (35) (36) (37) . The red fox and domestic dog are from the same family of canids with similar dentitions but different body sizes, tooth cusp sizes, jaw muscle strengths, bite forces, and scavenging behavior and patterns (11, (19) (20) 33, (35) (36) 38) .
Thus, Hypothesis 2 predicts that the bite mark dimensions of the red fox will be smaller than those of dogs of equal or greater body size and larger than dogs of a smaller body size.;
 Hypothesis 3) The red fox, domestic dog, and Eurasian badger have dentitions (19) that are capable of producing the same types of bite marks. However, the tooth morphology of the Eurasian badger and these canids differ, such that the dentition of the badger includes generally broader tooth cusps and molars with a more scallopshaped surface than those of canids (19, 39) . Moreover, the scavenging behavior and patterns, jaw muscle strength, body size, and bite force of the Eurasian badger, red fox, and domestic dog are different (11, 19, 33, (35) (36) 38) . Therefore, Hypothesis 3 predicts that the bite mark dimensions of the Eurasian badger will be greater than those of the red fox and domestic dogs.
The aims of this paper are: to test these hypotheses; identify the ranges of bite marks' mean lengths and breadths for the red fox, Eurasian badger, and domestic dogs; and assess the use of bite mark analysis in the identification of a scavenger species.
Materials and Methods
A sample of scavenged deer bones was obtained from six deer carcasses (Cervus nippon; Capreolus capreolus) surface deposited in a mixed temperate woodland in the U.K.
Within the U.K., it is not possible to conduct forensic archaeology studies in which human cadavers are exposed to outdoor taphonomic agents and factors because of various ethical and legislative constraints (40-41). However, it is possible to utilize deer as animal analogues in forensic studies seeking to recreate outdoor crime scene scenarios in the U.K. because deer are wildlife and do not present a risk in the spread of disease to domestic livestock (42). Previous studies using deer as human proxies did show some similarities in the scavenging behavior and patterns of different scavenger species towards deer and human remains (10) (11) 43 ).
All deer were about two years old and included both males and females. One deer was provided as gralloched (no head, no hooves, and no internal organs) but the other five deer were fresh whole carcasses (10) (11) . All six deer, received from an unconnected culling project, were surface deposited and had a gunshot wound (.308-calibre; c. 30 mm to 50 mm) on the right side of the thorax (10-11). All six deer were observed being repeatedly scavenged by at least six wild red foxes at different times over an average length of exposure of 81.17 days and maximum of 210 days (10) (11) . Wild Eurasian badgers were observed near the deer but did not scavenge any remains, whereas captive badgers were observed scavenging fresh and dry bones (11) . Only one of the deer was scavenged by a domestic dog, a Staffordshire Bull terrier, which only lasted for a total time of one hour and 30 minutes (11) . The sample size of marks obtained from all scavenged deer included 376 pits, 57 punctures, and 59 scores found on the following skeletal elements: cranium, mandible, hyoid, rib, scapula, humerus, cervical vertebra, thoracic vertebra, lumbar vertebra, pelvis (innominates), femur, tibia, metatarsal, tarsal, and phalanx.
Bite marks on bones were also obtained from feeding experiments conducted with seven captive red foxes and three captive Eurasian badgers from the Wildwood Trust, Kent, U.K., and at the New Forest Wildlife Park, Ashurst, U.K. (11) , as well as 10 domestic dogs. and bite force relative to Staffordshire bull terriers (7, 33, 36) . Staffordshire bull terriers are henceforth referred to as Staffordshires within this study.
All captive and domestic scavengers were given the same types of bones so that marks could be compared. Foxes, badgers, and dogs each received eight dry bones in total.
Dry roast ham bones were chosen for health and safety purposes, in particular not to harm the digestion and dentition of dogs, and were obtained from a pet store. Each scavenger was provided with two bones at a time and was allowed to keep bones for two weeks.
Observations of scavengers during feeding sessions with a variety of different foods found that two weeks was ample time for scavengers to produce multiple marks and bone fragments. Bite marks observed on bone samples scavenged seven captive red foxes included seven pits, 31 scores, and two punctures. A total of three captive Eurasian badgers produced nine pits and two scores but no punctures. The sample of bones scavenged by small dogs consisted of eight pits, 18 scores, and no punctures. The Staffordshires produced a sample of seven pits, seven scores, and no punctures.
The bite marks on deer bones were not divided between epiphyseal and diaphyseal ends because bite marks were analyzed on bones from across the skeleton, not just long bones. The dry pig bones given to captives and dogs were limited to long bones but were not separated between marks found on epiphyses and diaphyses so that the dimensional data of marks found on deer and pig bones could be compared. All bite marks within this study were identified by the naked eye and a hand lens (2-6x) and measured with handheld digital calipers. For each sample of marks, the mean maximum length and breadth, standard deviation, maximum and minimum length and breadth, and 95% confidence interval are presented. Pearson's and Spearman's coefficient correlations were used to test the relationship between length and breadth dimensions for each sample of pits, punctures and scores.
Separate Kruskal-Wallis tests were performed for pit lengths, pit breadths, score lengths, and score breadths. Kruskal-Wallis tests were not performed for puncture lengths and breadths because punctures were only present on the deer bones (n= 57) and the bones scavenged by captive red foxes (n= 2). This paper also presents the analyses of pits, scores, and punctures for comparison with previous bite mark studies which focused on these mark types (8, 16, 25) 
Results

Bones scavenged by wild red fox
Six deer skeletons scavenged primarily by wild foxes were examined. Bite marks were found most frequently on innominates, vertebrae, ribs, scapulae, and long bones (Table 1 ). Innominates had a wide variety of marks and damage with punctures commonly at the ilium or acetabulum and pits along the iliac crest and ischial tuberosity ( Figure 1 ).
Innominates had the highest occurrence of marks (n= 148, 30.08%) ( Table 1) . Furrowing was also present on the epiphyseal ends of long bones ( Figure 2 ). Marks and fragmentation on vertebrae were common at the spinous process, laminae, and transverse processes.
Ribs were often fragmented and had more marks located at sternal ends ( Figure 3 ). The majority of marks and fragmentation on scapulae were observed at the medial border ( Figure 4 ). Marks were found on all areas of long bones but with a higher quantity on hind limbs than front limbs (Table 1 
Bones scavenged by captive red fox
The bones scavenged by captive foxes were not fragmented but did have heavily chewed ends with numerous furrows found along the end margins ( Figure 6 ). Scores (77.50%) were the most frequent type of bite mark found on the bones scavenged by captive foxes. Pits and scores were visible on both the shaft and ends of bones but punctures were limited to ends.
The relationship between the length and breadth of pits was positive and significant (r= .047, p= .68). The relationship between the length and breadth of scores was also positive but was not significant (r= .10, p= .30). The relationship between the length and breadth of punctures could not be tested because of the small sample size but the mean length was 5.25 mm and the mean breadth was 3.41 mm ( 
Bones scavenged by captive Eurasian badger
Badgers did not fragment bones but did heavily chew epiphyseal ends such that ends were often removed and showed signs of scooping ( Figure 7 ). Most notably, heavily scavenged bones were coupled with extensive rodent gnaw marks on shafts (Figure 7) . The majority of marks on the bones were pits (81.82%). For pits, the relationship between the length and breadth was positive but not significant (r= .46, p= .11) (Table 2-3). The mean length of pits was 2.72 mm and the mean breadth was 2.00 mm (Table 2-3). The relationship between the length and breadth of scores could not be tested because, like punctures by the captive foxes, there was a small sample size. The mean length of scores was 3.57 mm and the mean breadth was 0.91 mm (Table 2-3). No punctures were found on the bones.
Bones scavenged by small-sized domestic dogs
The bones scavenged by small-sized dogs varied between heavy fragmentation to just marks on bone surfaces. Bones were fractured along the shaft in the form of transverse and oblique fractures. Furrowing was present at the ends of bones but was not extensive.
Scores were the most frequently occurring type of mark found on the bones (69.23%).The mean length of pits was 3.25 mm and the mean breadth was 1.88 mm (Table 2-3). The relationships between the length and breadth of pits and scores were positive and significant (r= .66, p= .04; r= .69, p= .001). For scores, the mean length was 9.75 mm and the mean breadth was 1.91 mm (Table 2-3). No punctures were observed for any of the bone scavenged by small-sized dogs.
Bones scavenged by Staffordshire Bull Terriers
Similar to the bones chewed by smaller-sized dogs, the bones scavenged by Staffordshires were found whole and heavily fragmented with marks ( Figure 8 ). In addition to transverse and oblique fractures, longitudinal fractures were present along shafts (Figure 8 ).
Pits and scores were found in the same quantity on bones (n= 7). No punctures were found.
Pits had a mean length of 2.95 mm and a mean breadth of 2.20 mm ( 
Comparison of Samples of Scavenged Bones
Pit Dimensions
The range of the mean pit length of the bones scavenged by captive foxes, and the deer bones was < 2.5 mm and mean pit breadth was < 1.5 mm (Table 2-3). In contrast, the range of the mean pit length of bones scavenged by captive badgers, small-sized dogs, and Staffordshires was > 2.5 mm and mean pit breadth was > 1.5 mm (Table 2- 
Score Dimensions
The range of all mean score lengths was > 3.5 mm, the majority of which were > 6 mm ( Table 2 ). The range of mean score breadth of bones scavenged by captive foxes, captive badgers, and the deer bones was < 1.5 mm. The range of mean score breadth of bones scavenged by dogs was < 2 mm ( 
Puncture Dimensions
There were no punctures found on the bones scavenged by captive badgers and domestic dogs. The range of mean puncture length of bones scavenged by captive foxes was > 5 mm, whereas the deer bones had a mean puncture length < 3 mm (Table 2) .
Similarly, the range of mean puncture breadth of bones scavenged by captive foxes was > 3 mm. The range of mean puncture breadth for the deer bones was < 2 mm (Table 3) .
Discussion
The condition of the scavenged bones, the areas on bones affected, and the type of bite marks produced on bone surfaces within this study were consistent with previous studies which identified carnivore-induced bone modification (4-6,14-15,21,25-26,44-48).
Typical carnivore damage to scavenged bones is concentrated at the epiphyseal ends of long bones, spinous and transverse processes on vertebrae, distal ends of ribs, scapulae, and innominates (4) (5) (6) (14) (15) 26, (49) (50) . However, scavenging behavior and patterns causing bone modifications differ between scavenger species, which, in turn, can be affected by a variety of different factors that must be assessed at each crime scene (e.g. condition of a body, seasonal behaviors).
Hypothesis 1
Hypothesis 1 predicted that the bite mark dimensions of captive and wild red fox would not be significantly different; however, this was not found to be true within this study for a variety of reasons. Moreover, Hypothesis 1 correctly predicted that bone modifications produced by captive and wild red fox would show differences in appearance and locations of bone modifications, such that the frequency in which different marks were produced on bone surfaces and which bones were fragmented did vary. The differences in bone modifications produced by wild and captive scavengers of the same species are due to different factors such as the condition and deposition of remains and scavengers' behaviors.
The differences in using dry roast pig bones versus fresh deer remains may have affected the production of bite marks by scavengers. Fresh bone is stronger and more pliable than dry bone because of the presence of collagen and other fluid retaining properties (51) (52) (53) . In contrast, bone that has dried will lose its tensile strength and pliability through the depletion of collagen and fluids (51) (52) (53) . Thus, it is necessary to take into consideration the possible impact that a dry or fresh condition of bone can have on the production of bite marks. Nevertheless, Young et al. (10) (11) indicated that remains initially deposited as fresh can be further scavenged and modified when skeletonized, so it is important to also analyze bite marks produced on dry bones.
The pit lengths and breadths produced by wild foxes on deer bones and those produced by captive foxes on dry pig bones were significantly different. Out of all of the types of bite marks produced by foxes, pit dimensions should show the most similarity because wild and captive foxes have the same dentition and pits are produced by the cusps of teeth. The significant difference in the pit dimensions produced by the captive and wild foxes may be related to the issue of dry versus fresh bone. Dry bone is less pliable than fresh bone thus causing less resistance to the bite of the scavenger and molding of the tooth cusp on the bone surface. Moreover, pits are commonly produced when foxes are disarticulating, crushing, or consuming remains. The lack of articulated elements and soft tissue in the sample of dry bones given to captive foxes will have affected their scavenging behavior and use of dentition whilst scavenging. Variability in tooth wear may have also affected the dimensions of bite marks. Captive foxes will still have tooth wear but will have better maintenance of their teeth.
The score lengths produced by these wild and captive foxes were significantly different but score breadths were not. Scores have the potential for the most variability in their dimensions because they are the result of a tooth sliding across the bone surface (16, 22) . Scores can be produced after the production of a pit, whilst the scavenger tries to shear meat off of the bone surface, or access the marrow cavity by continuously biting at the epiphyseal ends. Although score breadths were not significantly different, the mean length and breadth of those produced by captive foxes were greater than wild foxes. The greater dimensions produced by captives may be a consequence of their environments, such that there is less competition for food within an enclosure than in an outdoor environment.
Captive foxes would have more available time within their enclosure to scavenge the bones, whereas wild foxes would have pressure from other foxes and scavenger species to scavenge, consume, or cache remains as quickly as possible.
The number of punctures present on the dry bones was much less than those on the deer. The loss of collagen and tensile strength of the dry bones would have been expected to be more conducive to the creation of punctures than the fresh bones. The lack of punctures may be a result of differences in scavenging behaviors between the captive and wild scavengers. In Young et al. (11) , the captive foxes were observed scavenging less frequently than the wild foxes because their diet consisted of regular feeds of other food items. Captive foxes were also observed caching bones and other food items. Caching allows foxes to bury and hide items in shallow holes (c.12 cm) for scavenging and consumption at a later time (54) (55) . Thus, bones retrieved from captive fox enclosures may have had less scavenging due to foxes caching bones prior to scavenging or after limited scavenging, as well as the effect of the foxes being fed a regular diet by keepers.
Hypothesis 2
Hypothesis 2 predicted that the bite mark dimensions of the red fox would be smaller than those of dogs of equal or greater body size and larger than dogs of a smaller body size.
Hypothesis 2 was found to be correct for the former and incorrect for the latter dependent on the types of bite marks being analyzed, as well as additional factors. The mean length and breadth of pits and the mean score breadth produced by wild foxes on deer bones and captive foxes on dry pig bones were smaller than those of the Staffordshires and smallersized dogs. The mean score length of captive foxes was larger than that of Staffordshires, whereas the length on deer bones was smaller. Measurements of score lengths were the most variable in comparison to those of other mark types, thus it is not the most reliable type of bite mark when comparing scavenger species. There were no punctures present on the dry bones scavenged by the dogs so it was not possible to compare the dimensions of punctures. The smaller bite mark dimensions of wild and captive foxes in comparison to small-sized dogs were not expected because the body size and tooth morphology of the latter would be smaller. The smaller bite mark dimensions of the red fox in comparison to domestic dogs are a result of their tooth cusp morphology, jaw size, and bite force (7, 19, 36) .
The bite force of domestic dogs is generally greater than the red fox (7, 36) but foxes are capable of completely scavenging, disarticulating, and fragmenting a whole deer carcass (11) Additionally, the jaw size dimensions of the red fox is smaller than the domestic dog, which, depending on the morphology of the bone being scavenged, will influence how a scavenger uses and positions its teeth on the bone (20) .
Interestingly, the mean length and breadth of scores and the mean pit length of marks from the small-sized dogs were larger than the marks of the Staffordshires. The sample of bones scavenged by the Staffordshires mostly contained fragmented bones with the ends missing or fractures in the shafts. Thus, additional bite marks may have been present on areas that had been removed through scavenging by Staffordshires, whereas the sample from the small-sized dogs consisted of more complete bones with more marks. In comparison to the Staffordshires, the smaller dogs would have less bite force and smaller tooth morphology which would have affected their scavenging behavior and use of dentition.
Small-sized dogs would have to spend more time scavenging the bones until they fragmented and the marrow cavity was accessed.
Hypothesis 3
Hypothesis 3's prediction that the bite mark dimensions of the Eurasian badger would be greater than those of the red fox and domestic dogs was only found to be correct within the analyses of pits. The bite mark dimensions of badgers were found to be greater than the mean length and breadth of pits produced by foxes, and the mean pit breadth of small-sized dogs. In regards to the red fox, the Eurasian badger has a stronger bite force which will influence the bite mark dimensions (36, 56) . The smaller mean pit breadth of the small-sized dogs may be a result of the difference in dentition and tooth cusp morphology. Moreover, the larger mean pit length and breadth of the Staffordshires and the larger mean pit length of the small-size dogs is due to the differences in the dentition of canids and mustelids, as well as the smaller jaw size and bite force of badgers (19, 36, 56) .
The dimensions of scores produced by the badgers were also smaller than those of the captive and wild red foxes, and dogs. The sample size of scores produced by badgers was low, so it is not possible to fully compare these dimensions to the other samples.
Likewise, there were no samples of punctures from the bones scavenged by domestic dogs or badgers.
Bite Mark Analysis: Identifying a Scavenger Species
Overall there was no consistent pattern in the comparisons of bite mark dimensions of each scavenger species. Nevertheless, it was possible to characterize scavenger species based on the ranges of the mean length and breadth of bite marks. These results further emphasize the necessity to use bite mark analysis in conjunction with qualitative methods of analyses and knowledge of species-typical scavenging behavior and patterns in different environments with different factors in order to fully understand scavengers' effects on a set of remains.
The dimensional data of all of the samples of pits in this study suggest that the range of the mean pit length of the red fox is < 2.5 mm and mean pit breadth is < 1.5 mm. The range of mean pit length of bones scavenged by captive badgers, small dogs, and Staffordshires was >2.5 mm and the range of the mean pit breadth was >1.5 mm. There was greater difficulty in distinguishing between the dimensional data of pit marks by dogs and badgers. The range of mean length and breadth of pits found on the deer bones scavenged by wild foxes and the dry bones scavenged by captive foxes is consistent with the range of mean length (< 2.5 mm) and breadth (< 1.5 mm) of pits found on fox scavenged remains presented in Coard (16), Delaney-Rivera et al. (8) , and Andrés et al. (25) .
The dimensions of the different samples of scores were more varied, especially mean score lengths. Score lengths would be expected to have the greatest variability amongst these types of marks because a score is the result of a tooth slipping or dragging across the bone surface which can be the result of a variety of factors such as presence of soft tissue, bone morphology, bite force, condition of remains, and scavenger interactions during scavenging (7) (8) (9) 16, 25, 36) . All mean score lengths, except for the scores from the captive badger sample (3.57 mm), were > 6 mm and did not show any groupings between mean score lengths from the different samples. The mean score length of the captive fox sample was greater than the mean score length of the samples of deer bones, Staffordshires, and captive badgers, as well as the lengths produced by foxes presented in Coard (16) , Delaney-Rivera et al. (8) , and Andrés et al. (25) . Mean score breadths of the samples were much less varied than lengths. All mean score breadths were < 1.5 mm except for the mean breadths of the small-sized dog (1.91 mm) and Staffordshires samples (1.50 mm) . No distinctions could be made between scavengers based on the mean score length and breadth. The range of mean score lengths (< 6 mm) and mean score breadths (< 1 mm) produced by foxes in Coard (16), Delaney-Rivera et al. (8) , and Andrés et al. (25) were smaller than the range of score dimensions in this study.
The range of the mean length of punctures from the deer bones was < 3 mm and the range of mean breadths was both < 2 mm. However, punctures were either present in small quantities or not found in the other samples and could not be used for comparison. The lack of punctures on the dry bones suggests that there is the potential for the underrepresentation and misinterpretation of bite marks produced on partially to completely skeletonized and/or dry bones. Andrés et al. (25) claims that the majority of bite marks on bones are made by scavengers whilst bones are still fresh. This is partly true but it fails to take into account that some scavenger species, like the red fox, can produce further marks when re-scavenging and re-scattering bones (11) . Examination into the effects of scavengerinduced alteration to dry bones is equally important as that of fresh bones because damage to dry bones by scavengers can still obscure sites of trauma and may produce ranges of mean length and breadth that differ to marks on fresh bones.
Conclusion
This study has found that bite mark analysis cannot be used alone in the identification of a scavenger species because a variety of factors affect how a scavenger modifies skeletal remains and these must be considered. These factors include speciestypical scavenging behaviors and patterns, environment, region, topography, seasonality, scavenger size and dentition, carcass size, trophic resources, and the condition and deposition of remains (8) (9) 11) . Using bite mark data juxtaposed with knowledge of speciestypical scavenging behaviors and patterns, as well as the aforementioned factors, assists in the more accurate identification of a scavenger size, taxa and, if possible, species. The identification of scavengers can aid in the assessment of trauma, the condition of the remains, and the interpretation of the deposition site, as well as identify key locations for the search and recovery of additional scavenged remains.
Within this study, it was possible to characterize the range of pit dimensions produced by red foxes. Pit marks produced by red foxes, on both fresh and dry bones, have a range of mean length < 2.5 mm and a mean breadth < 1.5 mm. However, the dimensional data of marks produced by domestic dogs (22 cm -42 cm height) and Eurasian badgers could not be differentiated from each other within this study. The pit marks of dogs and badgers, on dry bone, have a range of mean length >2.5 mm and a mean breadth >1.5 mm.
Foxes, dogs, and badgers could not be distinguished based on score mark dimensions.
Bones scavenged by foxes and badgers show typical characteristics of carnivoremodified bone. Interestingly, bones scavenged by badgers appeared to have more extensive rodent gnaw marks on epiphyseal and diaphyseal ends in the form of parallel striations and windows created by continuous gnawing by rodents trying to access bone marrow. The reason for this can be that badgers take scavenged remains down into sett tunnels where rats can have extended periods of access to remains (11) . Figure 1 . Punctures found at the acetabulum and pubis. 
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